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We investigate the electric manipulation of a single electron spin in a single gate-defined quantum 
dot. We observe that so-far neglected shifts between the hyperfine and spin-orbit mediated electric 
dipole spin resonance conditions have important consequences at high magnetic fields. In experi- 
ments using adiabatic rapid passage to robustly invert the electron spin, the resonance shifts lead 
to an unusually wide and asymmetric response as a function of magnetic field. Simulations support 
the interpretation of the lineshape in terms of four different resonance conditions. These findings 
may lead to enhanced control of dynamic nuclear polarization in quantum dots. 
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Manipulation of electron spins is an essential tool for 
applications in spin electronics (spintronics) [I] In 
the limit of single-electron spin manipulation, applica- 
tions in solid-state quantum computation arise, where 
the electron spin serves as a two- level system (qubit) [3]. 
Conventionally the manipulation of electron spins makes 
use of electron spin resonance (ESR) whereby an alter- 
nating magnetic field is applied with a frequency equal 
to the precession frequency of the electron spin [3]. In 
semiconductor quantum dots, single electron spin ma- 
nipulation by ESR has been realized by applying a large 
localized alternating magnetic field at low temperature, 
which is challenging 5J. In comparison, it is much eas- 
ier to create and localize an oscillating electric field. In 
a semiconductor environment, electric fields can couple 
to electron spins, and electron spin transitions can be 
induced through electric-dipole spin resonance (EDSR) 
[BHS]. Recently, EDSR has been measured on single elec- 
tron spins in quantum dots [TUl - fT3] . 

The coupling of electric fields to the electron spin can 
be mediated in several ways: a transverse magnetic field 
gradient |12[ 1 14] , exchange with magnetic impurities |15j , 
a position dependent <?-tensor [8], spin-orbit coupling [9l 
HU1 Hr31H5] , and hyperfine interaction with nuclear spins 
[llj . A unified theoretical description is given in [T§] . 
In all these experiments and theoretical discussions, any 
differences in the resonance frequencies associated with 
the different driving mechanisms have been neglected. 

Here we show that at high magnetic fields there is 
a clearly observable shift in the resonance condition 
between spin-orbit mediated and hyperfine mediated 
EDSR. We make use of adiabatic rapid passage to invert 
the electron spin and of single-shot read-out for detection 
of the electron spin. We gain further insight in the inter- 
play between spin-orbit and hyperfine mediated driving 
by modelling the EDSR response. 

The measurements presented in this letter are per- 
formed on a single quantum dot laterally defined in a 



GaAs/(Al,Ga)As heterostructure. A quantum point con- 
tact (QPC) is placed close to the quantum dot and used 
as a charge detector. Figure [lja) shows a device im- 
age and the charge stability diagram in the region of in- 
terest. The electron temperature is about 250 mK. An 
in-plane magnetic field is applied along the [110] crystal- 
lographic axis to split the spin states. We operate above 
5 Tesla, such that the Zccman splitting exceeds the ther- 
mal broadening in the leads. 

The measurement scheme consists of repeated appli- 
cation of the following cycle (Fig. [TJc)): first a spin-up 
electron is initialized in the left quantum dot by pulsing 
from the (0,0) charge state to the (1,0) charge state, and 
waiting longer than the spin relaxation time (initializa- 
tion step). To decrease the total cycle time, we briefly 
pulse close to the (1,0)-(0,1) charge transition during the 
initialization stage in order to accelerate relaxation [20] . 
Then we apply a microwave burst to gate LS to manipu- 
late the electron spin (manipulation step) |21j . The ma- 
nipulation step is done deep in Coulomb blockade in order 
to minimize the effect of photon-assisted tunneling and 
avoid thermal excitation to/from the reservoirs. Finally 
we pulse into the single-shot read-out position where the 
electron spin state is measured using energy selective 
spin-to-charge conversion [2"2l |2"5] (spin read-out step). 
The single shot read-out fidelities were about 95% and 
80% for the detection of spin-up and spin-down states, re- 
spectively. Sufficient repetition of this cycle gives enough 
statistics to determine the spin-down probability at the 
end of the manipulation stage. 

The microwave (MW) burst that is applied during the 
manipulation stage is chosen long enough (tmw = 400 
(is) compared to the Rabi decay time (~ 1 /xs [5]) to 
create a mixture of spin-up and spin-down states. The 
applied microwave power is maximized by operating near 
the onset of photon-assisted tunneling. The magnitude 
of the electric field is estimated to be of the same order of 
magnitude as in previous EDSR measurements in GaAs 
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FIG. 1. (a) Scanning electron micrograph of a device similar 
to the one measured (top) and QPC current (a background 
plane has been subtracted) as function of applied voltages 
on LP and RP gates (bottom). L = 1.2Vlp + 0.6Vrp and 
R = 1.4VLp + 0.5Vr,p. (n, m) indicate the number of elec- 
trons in the left and right dot. Only the left dot was used in 
the present experiment, (b) Schematic explanation of adia- 
batic rapid passage (see text). Blue and red solid lines show 
the electron spin eigenenergies in the presence of an ac ex- 
citation transverse to the static magnetic field as a function 
of detuning from resonance. In the experiment, the excita- 
tion frequency was chirped in the direction of the time arrow. 
The insets show the effective field acting on the spin for three 
values of detuning (k — h/gnB, with /is the Bohr magneton 
and g the electron g-factor). (c) Electrochemical potential 
diagrams during the pulse cycle (see text). At the read-out 
stage, the electron tunnels out if and only if it is spin down, 
in which case a step in the QPC current results. 

quantum dots jTUl [UJ ■ To find the electron spin reso- 
nance position, we apply such pulses at different static 
magnetic fields. 

Surprisingly, under fixed frequency excitation, no 
EDSR response is observed, regardless of the magnetic 
field sweep direction (Fig. [2]ja)). We note that the al- 
ternating electric field is mostly along [110], so the Dres- 
sclhaus and Rashba contributions to the spin-orbit in- 
teraction work against each other [16j EI] • If their val- 
ues happen to be about equal, these two mechanisms 
largely cancel each other and spin-orbit mediated EDSR 
is very weak. Even then, we would still expect to ob- 
serve a response due to hyperfine mediated EDSR [TTJ. 
Dynamic nuclear polarization (DNP) could lead to de- 
tuning away from the electron spin resonance condition, 
hence a weak response, but this is expected to occur only 
for one sweep direction of the magnetic field [25]. There 
is always a random component of the nuclear field due to 
statistical fluctuations which also contributes to detun- 
ing of the resonance frequency but these fluctuations are 
normally small enough compared to achievable driving 
rates so that EDSR can be observed jTOJ [TT] . It appears 
that the resonance condition fluctuates for reasons that 



remain to be understood. 

Remarkably, a very strong and clear single-spin EDSR 
response was obtained when the microwave bursts were 
frequency chirped (red trace in Fig. [2]ja)): when the exci- 
tation frequency passes through the resonance frequency 
under the right conditions, the electron spin is inverted 
in a process called adiabatic rapid passage [26j . This pro- 
cess can be understood as follows (see Fig. [jjb)). The 
microwave excitation produces an oscillating (effective) 
magnetic field in the equatorial plane of Bloch sphere. 
In the rotating frame synchronized with the excitation, 
the driving field lies along a fixed axis {B\ in the insets of 
Fig. |T|(b)) . When the frequency of the applied microwave 
pulse is detuned from the qubit resonance frequency by 
an amount Alu, the electron is subject to an additional 
effective magnetic field with magnitude hAco/gfj-B per- 
pendicular to the equatorial plane of the Bloch sphere 
(left and right inset). When we sweep the MW frequency 
from far below to far above the resonance frequency, the 
total effective field, B e g, will get inverted. The electron 
spin will track the total effective field and get inverted as 
well, provided the frequency sweep rate is much slower 
than the Rabi frequency squared (adiabatic condition) 
and spin coherence is preserved during the inversion |27j . 
When the MW chirp range is large enough, adiabatic in- 
version is insensitive to the exact value of the resonance 
frequency and is thus robust to slow fluctuations of the 
resonance position. 

The response in Fig. [2ja) is very strong but the line- 
shape is unexpected. For adiabatic rapid passage through 
a single resonance and in the presence of random nu- 
clear fluctuations, the lineshape is expected to be sym- 
metric and the convolution of a boxcar function with 
width equal to the FM depth and a Gaussian distribu- 
tion associated with the nuclear spin fluctuations. The 
observed lineshape, in contrast, is asymmetric and the 
linewidth (~ 26±4 mT) is much larger than both the FM 
depth (corresponding to 8.1 mT) and the random nuclear 
field (a few mT). The asymmetry and width are repro- 
ducible, with variations between repeated measurements 
with identical settings about as large as the variations 
between the red traces of Figs. [5Ja-c). The asymmetric 
lineshape is reminiscent of lineshapes which have been 
identified as the result of DNP [25], but unlike those 
measurements did not show any hysteretic behavior in 
the sweep direction of the excitation frequency or mag- 
netic field. 

The behavior of the EDSR peaks as a function of MW 
power is shown in Fig. [2jb). For very low MW powers, 
the width of the EDSR signal is very sensitive to the MW 
power while for high MW powers the linewidth saturates 
(Fig. [2^b) inset). Furthermore, the width of the response 
increases with increasing FM depth (Fig. gc)). Finally, 
when reducing the burst time while keeping the modula- 
tion depth constant, the spin flip probability is gradually 
reduced as well (Fig. ^d)). This is consistent with a 
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FIG. 2. (a) Measured spin-down probability as a function of 
magnetic field for a 400/is MW burst at /mw = 26.5 GHz 
(blue) and for a 400^ts frequency chirped MW burst with a 
FM depth of 40 MHz centered at 26.5 GHz (red). The ar- 
row shows the magnetic field span corresponding to 40 MHz. 
Error bars are smaller than the size of the datapoints. Inset: 
EDSR resonance frequency as a function of magnetic field, 
along with a linear fit (gray curve). As the resonance position 
we took half a FM depth above the left flank of the response, 
(b) Similar to (a), for three different driving amplitudes. The 
amplitudes are estimated considering the attenuations in the 
MW line (traces are offset for clarity). Inset: Linewidth as a 
function of power. The linewidth saturates as the power in- 
creases, (c) Similar to (a) for two different FM depths, both 
at a chirp rate of 75 MHz/500 /is. Arrows show the expected 
difference in the linewidth. (d) Measured spin down proba- 
bility at B = 5.349 T as a function of MW burst duration 
(FM depth 75 MHz). The gray line is an exponential fit to 
the data. By increasing the MW duration (decreasing the 
chirp rate) we can move from the diabatic to the adiabatic 
regime. All measurements in (a,c,d) are taken with the same 
MW power as the red trace in (b). 



transition from adiabatic rapid passage to diabatic rapid 
passage upon increasing the chirp rate. From the time 
constant of the exponential fit to the data and the chirp 
rate, we can extract a Rabi frequency of « 0.2 MHz using 
the Landau-Zener model for transition probabilities [57] . 

Understanding the lineshape requires consideration of 
the different EDSR mechanisms, here spin-orbit and hy- 
perfine mediated EDSR. The spin-orbit mediated EDSR 
resonance frequency is equal to the electron spin Lar- 
mor frequency (ljl — 9^BB ex t/h with B ext the exter- 
nal magnetic field), fn contrast, hyperfine mediated 
EDSR involves direct electron-nuclear spin flip-flops, so 
the resonance frequency is smaller than that of the spin- 
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FIG. 3. (a) Schematic representation of the resonance condi- 
tion of spin-orbit mediated EDSR, uul (black), and hyperfme 
mediated EDSR, ujl — wat, for 75 As (red), 69 Ga (green) and 
71 Ga (blue) nuclei. The separations are not to scale. The 
dashed-arrow shows the direction of the magnetic field sweep 
in the measurements, (b) Measured spin-down probability 
versus magnetic field at 26.5 GHz (black) and 36.8 GHz (red). 
Both measurements have been done at high MW power, where 
the linewidth is saturated. Arrows show the relative positions 
of spin-orbit and hyperfine mediated EDSR resonances (same 
color coding as in (a)), (c) Measured spin-down probability 
versus magnetic field resulting from single (black) and double 
(red) adiabatic rapid passage. All measurements in (b) and 
(c) are done with FM depth 75 MHz and MW duration 500 
/is. 



orbit mediated EDSR by the nuclear spin Larmor fre- 
quency, u;jv = gfipfB ext /h, where /ijv is the nuclear mag- 
neton (or for a given excitation frequency, the resonant 
field is higher). For the three nuclear species in GaAs, 
75 As, 69 Ga and 71 Ga, the shift in the resonance condi- 
tions amounts to 10.24 MHz/T, 13.02 MHz/T, and 7.318 
MHz/T, respectively, giving rise to a total of four reso- 
nance conditions (Fig. [3ja)). These shifts are usually ne- 
glected, but their effect increases linearly with magnetic 
field and should be observable at high enough fields, see 
the two sets of vertical arrows in Fig. [3^b). The to- 
tal linewidth observed at 26.5 GHz covers the range of 
the four resonance conditions plus twice the FM depth, 
which is a first indication that all four resonances play 
a role. In line with this interpretation, we see in Fig. 
^b) that the response at a 36.8 GHz center frequency is 
correspondingly broader than that at 26.5 GHz. 

For most of the measurements shown, the chirp can 
pass through up to three resonances. In a simple pic- 
ture, every time the driving frequency passes through a 
resonance, the electron spin is inverted. When the res- 
onances are not very far apart, the inversions interact 
and an incomplete net inversion results, as is the case 
around the three hyperfine mediated resonances. When 
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FIG. 4. Simulated spin-down probability (assuming perfect 
measurement fidelity) versus magnetic field for (a) cu so = 1.25 

MHz, u h ) As = 0.63 MHz, c4/ G " = 0.4 MHz, J^ Ga = 0.42 

MHz and (b) uj so = 6.28 MHz, uj^ f As = 5.02 MHz, w™ f Ga = 

2.81 MHz, u/ h )° a = 2.94 MHz. The numbers in panel (b) 
express the number of resonances through which the chirp 
pulse passes. Arrows show spin-orbit and hyperfine mediated 
EDSR resonance positions (color coding as in Fig. 3). FM 
depth and MW duration are set to 40 MHz and 500 /is. 



the chirp passes through one resonance only, as is the case 
around the spin-orbit mediated resonance, complete in- 
version takes place. This reasoning qualitatively explains 
the observed asymmetric lineshape. 

For a more quantitative interpretation, we numerically 
simulate the response to the chirped MW bursts. For 
simplicity, in the simulation four excitation frequencies 
are chirped through a single resonance frequency ujl, 
rather than sweeping one excitation through four reso- 
nances. Then the Hamiltonian in the rotating frame of 
the time-dependent excitation frequency iv(t) is given by 



lj so cos(wi) 



^ Ulfrj: cos(f2 Nt) 
N 



h.c. 



with h.c. the Hermitian conjugate of the preceding term, 
Aoj = uij, — w, and f2jv = w + l>Jn', u so and co^f are 
the spin-orbit mediated and hyperfine mediated Rabi fre- 
quencies, with nuclear species TV = 75 As, 69 Ga, 71 Ga; 
a± = <j x ± ia y and <J x .y,z are the x, y and z Pauli matri- 
ces. In the simulations, we account for the time depen- 
dence of the nuclear field using a phase damping opera- 
tor which acts on the electron spin density matrix p as 

E i= o,i R iP E l where E o = VP 1 and S i = V 1 - Wz W\- 
p = 1 + ex P(~ t / T i) anc j y 2 j s coherence time (we took 
T 2 = 100/is; the simulation results were insensitive to the 
value of T 2 in the range ~ 100 — 500 ps). Additionally, 
we account for the random nuclear held at time t — 
by convoluting the response with a normal distribution 
function with standard deviation cr/v = 0.5 mT. 

The Rabi frequency extracted in Fig. [2jd) corresponds 
to spin-orbit mediated driving since the data is taken at a 
magnetic field where the hyperfine-mediated resonances 



have an independent measure of uiFt, but we do know 



the ratio between the three uj^ 



2tt x 0.2 MHz. We do not 

N 

Taking oj]^f As = 
0.63 MHz, w™ f Ga = 0.4 MHz, uj]^ = 0.42 MHz, we 
obtain the lineshape in Fig. |4^a) , which shows qualitative 
agreement with the measurements. Similar agreement is 

As 
hf 

hf 



found as long as 0.6 MHz < uj so < 5 MHz and wftj < 0.8 
MHz (again keeping the ratio of the three uj^ fixed) . It is 
instructive to also consider other values for the respective 
Rabi frequencies. For the values of Fig. |4]Jb), which 
are also realistic [THl EJ [30], we see that the response 
is high and low for an odd respectively even number of 
resonances covered by the chirp range, corresponding to 
an odd respectively even number of spin inversions. 

Finally, we measured the spin down probability when 
the microwave frequency is chirped back and forth dur- 
ing the manipulation stage (double adiabatic passage). 
When the quantum interference between the two passes 
averages out, the spin-down probability is expressed as 
P = 2PI z (1-P' lz ) [27 where P" LZ is the spin flip proba- 
bility when the frequency is chirped only in one direction 
(single adiabatic passage). The single and double pas- 
sage adiabatic passage measurements are consistent with 
this description (Fig. [3^c)). 

In conclusion, we have shown that at high magnetic 
fields it is possible to observe both spin-orbit and hy- 
perfine mediated EDSR. In contrast to previous theoret- 
ical and experimental works, we show that the energy 
difference between these driving mechanisms must not 
be neglected in strong magnetic fields. The difference 
in the four resonance conditions could be exploited for 
enhanced control of DNP processes, including selective 
control of the three nuclear spin species. Furthermore, 
adiabatic rapid passage is a robust technique for EDSR 
spectroscopy and spin inversion in III-V quantum dots 
due to its robustness to a randomly fluctuating resonance 
position. 
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